1. Introduction {#sec1-ijms-20-01054}
===============

Spinal cord injury (SCI) is a devastating impairment, with an estimated overall annual incidence of 15--53 cases per million \[[@B1-ijms-20-01054],[@B2-ijms-20-01054]\]. Most cases of SCI are related to physical activity (motor vehicle accidents, falls, violent crimes, and sports injuries), and affect individuals in their second and third decades of life \[[@B3-ijms-20-01054],[@B4-ijms-20-01054]\]. However, the incidence of SCI in people over 60 has increased in recent years \[[@B1-ijms-20-01054],[@B5-ijms-20-01054],[@B6-ijms-20-01054]\]. Notably, the second highest incidence of SCI occurs in people over 50, and pre-existing spondylosis is associated with SCI, which in this case can result from a relatively low-energy trauma \[[@B3-ijms-20-01054],[@B4-ijms-20-01054]\]. Given that the population is rapidly aging worldwide, the establishment of a comprehensive treatment strategy for SCI patients of all generations is desired.

SCI begins with mechanical compression to the spinal cord, followed by secondary damage, which includes spinal cord ischemia, hemorrhage, cellular excitotoxicity, hyper-permeability, ionic dysregulation, and free-radical-mediated peroxidation \[[@B7-ijms-20-01054],[@B8-ijms-20-01054]\]. Although many therapeutic experiments have been conducted using neurotrophic factors to reduce the secondary damage and to enhance axonal regrowth, an effective neuroprotective strategy for humans has not been established. To date, massive methylprednisolone sodium succinate (MPSS) administration \[[@B9-ijms-20-01054]\] is the only neuroprotective therapy approved for acute SCI, but its efficacy and safety remain controversial \[[@B10-ijms-20-01054],[@B11-ijms-20-01054],[@B12-ijms-20-01054],[@B13-ijms-20-01054]\]. Hepatocyte growth factor (HGF) was first cloned as a mitogen for mature hepatocytes \[[@B14-ijms-20-01054],[@B15-ijms-20-01054],[@B16-ijms-20-01054]\], and the specific receptor of HGF was identified as the c-Met proto-oncogene product, a transmembrane receptor with a tyrosine kinase domain in its intracellular domain \[[@B17-ijms-20-01054]\]. All of the diverse biological activities of HGF, including roles in cell survival, proliferation, and migration, are induced by c-Met activation \[[@B18-ijms-20-01054]\]. In addition to its roles in controlling development and tissue homeostasis under normal physiological conditions, the HGF--c-Met system has gained attention for its ability to exert regenerative effects, including angiogenic activity, after tissue injury in many epithelial organs \[[@B19-ijms-20-01054]\]. In the central nervous system, the HGF--c-Met system has been shown to control neuronal development. Studies in rodent models have revealed that HGF administration promotes angiogenic activity, prevents disruption of the blood--brain barrier \[[@B20-ijms-20-01054],[@B21-ijms-20-01054],[@B22-ijms-20-01054]\], and promotes the survival of neurons both after cerebral ischemia \[[@B22-ijms-20-01054],[@B23-ijms-20-01054],[@B24-ijms-20-01054],[@B25-ijms-20-01054],[@B26-ijms-20-01054],[@B27-ijms-20-01054]\] and in a transgenic amyotrophic lateral sclerosis (ALS) model \[[@B28-ijms-20-01054],[@B29-ijms-20-01054]\]. A treatment strategy using HGF for central nervous system disorders in humans was first applied for ALS. A phase I study of intrathecally administered recombinant human HGF (rhHGF) for ALS was conducted from 2011 to 2015 at Tohoku University, Japan \[[@B30-ijms-20-01054]\], and a phase II study began in May 2016.

In 2007, we reported that a sharp increase in c-Met expression occurs in the injured spinal cord of a rat 1 day after SCI, while the upregulation of endogenous HGF is relatively weak, with a peak 2 weeks after the injury. Introduction of exogenous HGF into the spinal cord by injecting an HGF-expressing herpes simplex virus (HSV) vector significantly increased the survival of neurons and oligodendrocytes, angiogenesis, and axonal regeneration, to reduce the area of damage and promote motor function of the hind limbs after SCI in rats \[[@B31-ijms-20-01054]\]. Since that first report, we have developed this strategy from rodents to primates, and from gene therapy to clinically available rhHGF, which is intrathecally administered. This therapy was tested in a phase I/II clinical trial for acute cervical SCI from June 2014 to May 2018 in Japan (clinicaltrials.gov, registration number NCT02193334). Here we present our research journey from the bench to clinical trial, in which we seek to establish a new effective treatment for acute SCI using rhHGF.

1.1. Time Course of the Endogenous Hepatocyte Growth Factor--c-Met System after Spinal Cord Injury in Rats: Endogenous Hepatocyte Growth Factor Upregulation is Weak in the Spinal Cord during the Acute Injury Phase {#sec1dot1-ijms-20-01054}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The HGF--c-Met system is known to mediate inflammatory responses to tissue injury. In animal injury models of the liver \[[@B32-ijms-20-01054],[@B33-ijms-20-01054],[@B34-ijms-20-01054]\], lung \[[@B35-ijms-20-01054]\], or kidney \[[@B32-ijms-20-01054],[@B36-ijms-20-01054]\], the level of HGF activity significantly increased in the damaged organs, with a peak within 1 day after the injury ([Table 1](#ijms-20-01054-t001){ref-type="table"}). Similarly, the plasma HGF level also increased within 1 day after the injury, suggesting that HGF can be delivered to the damaged organ from distal intact organs by an endocrine mechanism, in addition to being produced in the damaged organs themselves ([Table 1](#ijms-20-01054-t001){ref-type="table"}) \[[@B32-ijms-20-01054]\]. However, in the central nervous system, unlike in the liver or kidney, the upregulation of HGF mRNA at an injured brain region was delayed, peaking 14 days after injury onset in mice \[[@B37-ijms-20-01054]\].

Given this background, we first examined the endogenous HGF--c-Met system activity over time in the adult rat spinal cord after contusive damage. The HGF mRNA expression slowly increased, with a peak 2 weeks after the damage, while the c-Met mRNA expression increased sharply within a day. Consistent with the slow increase in HGF mRNA expression, the HGF protein level in the damaged spinal cord showed a gradual increase, with a peak around 4 weeks after the injury. Furthermore, the HGF protein level in the plasma did not show any significant increase after the damage. These findings suggested that a spinal cord with contusive damage cannot upregulate endogenous HGF expression by itself, in contrast to the marked upregulation of c-Met expression after the damage---nor can the HGF protein be delivered from distal intact organs by an endocrine mechanism, unlike in other damaged epithelial organs ([Table 1](#ijms-20-01054-t001){ref-type="table"}) \[[@B31-ijms-20-01054]\]. Based on these primary findings, we hypothesized that the administration of exogenous HGF into the damaged spinal cord immediately after the onset of injury would exert therapeutic effects for tissue sparing or regeneration.

1.2. Introducing Exogenous Hepatocyte Growth Factor into the Spinal Cord using the Herpes Simplex Virus-1 Vector Exerted Multiple Therapeutic Effects to Promote Functional Recovery in a Rat Thoracic Spinal Cord Injury Model: Neuroprotection and Promotion of Angiogenic Activity and Axonal Regrowth {#sec1dot2-ijms-20-01054}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To administer exogenous HGF into the spinal cord, we first performed gene therapy in rats, in which an HGF-expressing herpes simplex virus-1 (HSV-1) vector was injected directly into the spinal cord. Three days after HSV-1 vector injection at the tenth thoracic vertebral level (T10), the exogenous HGF was expressed in the spinal cord at 3--4 times the endogenous HGF level, and contusive injury was induced at the same level to examine HGF's therapeutic effects on the damaged spinal cord ([Table 2](#ijms-20-01054-t002){ref-type="table"}) \[[@B31-ijms-20-01054]\]. The exogenous HGF significantly decreased the damaged area and promoted motor function of the hindlimbs 6 weeks after the onset of injury. The cavity area of the injured spinal cord was significantly reduced, and the rim of myelinated white matter was significantly preserved. To investigate this tissue-sparing effect, immunohistological and immunoblotting analyses were performed. These analyses showed that c-Met-immunoreactivity (c-Met-IR) was present in the neurons, oligodendrocytes, and reactive astrocytes after SCI, indicating that HGF would have biological activity in all three of these cell lineages in the damaged spinal cord \[[@B31-ijms-20-01054]\].

HGF has been recognized as a neuroprotective factor for a variety of neurons \[[@B38-ijms-20-01054],[@B39-ijms-20-01054],[@B40-ijms-20-01054]\]. In an experimental animal model, the administration of HGF showed neuroprotective effects on adult motor neurons after axotomy of the hypoglossal nerve, by maintaining the choline acetyltransferase (ChAT) activity in the nucleus \[[@B41-ijms-20-01054]\]. HGF application was also reported to promote the survival of several types of neurons in the brain after cerebral ischemia \[[@B22-ijms-20-01054],[@B23-ijms-20-01054],[@B24-ijms-20-01054],[@B27-ijms-20-01054],[@B42-ijms-20-01054]\] and of motor neurons in the spinal cord in transgenic ALS model mice and rats, by attenuating the levels of caspase-1 and inducible nitric oxide synthase in motor neurons, as well as by maintaining the level of the glial-specific glutamate transporter in reactive astrocytes \[[@B28-ijms-20-01054],[@B29-ijms-20-01054]\]. Immunoblotting analyses of spinal cord lysates 3 days after SCI revealed that HGF significantly attenuated the levels of cleaved caspase-3 in the damaged spinal cord. Immunohistological analyses have also shown that HGF reduces the numbers of cleaved caspase-3-positive motor neurons and oligodendrocytes, indicating that HGF reduces their apoptosis, thereby promoting their survival. Accordingly, significantly greater numbers of surviving motor neurons in the ventral horns have been observed in an HGF-treated than in the control group 6 weeks after SCI \[[@B31-ijms-20-01054]\].

HGF has also been shown to enhance angiogenic activity; c-Met is expressed in endothelial cells and vascular smooth muscle cells (VSMCs), and HGF simultaneously promotes the migration of endothelial cells and VSMCs \[[@B43-ijms-20-01054],[@B44-ijms-20-01054]\], indicating that blood vessels may undergo maturation without enhancing their permeability or causing inflammatory cells to be released \[[@B45-ijms-20-01054]\]. In a cerebral infarction animal model, HGF exerted neuroprotective effects and promoted angiogenesis without exacerbating the cerebral edema, and thus reduced the ischemic damage \[[@B22-ijms-20-01054]\]. Even in the pathology of contusive SCI, studies indicated that the microvasculature in the damaged spinal cord, especially within 1 week after injury onset, plays a key role in maintaining the ability of the spinal cord to undergo endogenous repair, by supplying nutritional and mechanical support for axonal regeneration \[[@B46-ijms-20-01054],[@B47-ijms-20-01054],[@B48-ijms-20-01054],[@B49-ijms-20-01054]\], and several strategies to enhance angiogenic activity in the damaged spinal cord were shown to contribute to improved motor function \[[@B50-ijms-20-01054],[@B51-ijms-20-01054]\]. Our immunohistological analysis revealed that HGF exogenously administered into the damaged spinal cord increased the number of newly formed vessels \[[@B49-ijms-20-01054]\] 1 week after injury onset, confirming that HGF enhanced the angiogenic activity \[[@B31-ijms-20-01054]\], as seen in the cerebral infarction animal models. Several groups have reported that HGF exerts chemoattractive and growth-promoting effects on the axons of motor neurons \[[@B38-ijms-20-01054],[@B52-ijms-20-01054],[@B53-ijms-20-01054]\] and cortical neurons \[[@B54-ijms-20-01054]\]. Furthermore, overexpressing HGF during the chronic stage of cerebral infarction promotes neurite outgrowth and synapse formation, contributing to improvements in learning and memory \[[@B25-ijms-20-01054]\]. In our study, HGF promoted the regrowth of raphe-spinal 5HT-positive fibers, which are reported to be involved in motor functional recovery in rats, 6 weeks after SCI, \[[@B55-ijms-20-01054],[@B56-ijms-20-01054],[@B57-ijms-20-01054]\]. These fibers expressed GAP-43, a marker of axonal regeneration \[[@B58-ijms-20-01054],[@B59-ijms-20-01054],[@B60-ijms-20-01054]\], and c-Met, suggesting that HGF might have promoted motor functional recovery by directly enhancing the regrowth of these fibers \[[@B31-ijms-20-01054]\].

1.3. Other Recent Basic Studies on Hepatocyte Growth Factor Treatment for Spinal Cord Injury {#sec1dot3-ijms-20-01054}
--------------------------------------------------------------------------------------------

### 1.3.1. Reduction of Astrocyte Activation and Chondroitin Sulfate Proteoglycan Deposition {#sec1dot3dot1-ijms-20-01054}

Glial scars, which form at the injury site after SCI by an astrocytic response, contain extracellular matrix molecules like chondroitin sulfate proteoglycans (CSPGs), which inhibit axonal growth \[[@B61-ijms-20-01054],[@B62-ijms-20-01054]\]. Thus, overcoming this inhibitory environment is an important focus in the search for therapeutic interventions to enhance axonal growth and promote functional recovery. Jeong et al. reported that HGF prevents the expression of specific CSPG species by blocking the secretion of TGFβ1 and β2 from reactive astrocytes in vitro. They further found that transplanting HGF-overexpressing mesenchymal stem cells (HGF-MSCs) into hemisectional cervical spinal cord lesions significantly decreased the TGFβ isoform levels, reduced astrocyte activation, and decreased CSPG deposition around the lesion site ([Table 2](#ijms-20-01054-t002){ref-type="table"}). Finally, they confirmed that HGF-MSC transplantation increased axonal growth beyond the glial scars, and promoted functional recovery of the forepaw compared to controls \[[@B63-ijms-20-01054]\].

### 1.3.2. Anti-Inflammatory Effect and Reduction in Leukocyte Infiltration {#sec1dot3dot2-ijms-20-01054}

HGF is reported to exert anti-inflammatory effects by disrupting nuclear factor-kappa B (NF-κB) signaling and the subsequent expression of NF-κB-dependent pro-inflammatory mediators \[[@B64-ijms-20-01054],[@B65-ijms-20-01054]\]. Yamane et al. investigated the efficacy of an engineered HGF fused with a collagen-binding domain (CBD-HGF), which was detected in the mouse spinal cord for 7 days after its intrathecal injection, while unmodified HGF almost disappeared after 1 day. The authors revealed that a single intrathecal injection of CBD-HGF immediately after thoracic compressive SCI in mice significantly prevented the infiltration of leukocytes, such as neutrophils and macrophages, compared to a single intrathecal injection of unmodified HGF, by attenuating cytokine and chemokine levels at the injury site ([Table 2](#ijms-20-01054-t002){ref-type="table"}) \[[@B66-ijms-20-01054]\]. This anti-inflammatory effect reduced the glial scar formation and promoted axonal regrowth and functional recovery. This study was noteworthy, not only because it reported the anti-inflammatory effect of HGF on the injured spinal cord, but also because it revealed that HGF concentration and distribution in the spinal cord need to be maintained during the acute phase of SCI to exert therapeutic effects.

### 1.3.3. Increasing the Survival, Neuronal Differentiation, and Synapse Formation of Grafted Neural Stem Cells to Promote Functional Recovery {#sec1dot3dot3-ijms-20-01054}

Despite the increased incidence of SCI in people over 60 in recent years \[[@B5-ijms-20-01054],[@B6-ijms-20-01054]\], the pathophysiology of SCI and the efficacy of cell transplantation therapy in older animals have not been fully understood. Therefore, our group \[[@B67-ijms-20-01054]\] investigated the efficacy of neural stem cell (NSC) transplantation in aged mice with SCI. Aged mice actually had a better capacity for the survival and neuronal differentiation of grafted NSCs than young mice, and the grafted NSC-derived neurons formed synapses with descending corticospinal fibers more efficiently in the aged mice than in the young ones, thereby promoting functional recovery of the hindlimbs. Based on these surprising results, microarray analysis of damaged spinal cord tissue 9 days after SCI was performed to investigate the neurotrophic factors involved. This analysis revealed that HGF was the most highly expressed among various neurotrophic factors in the aged mice compared to the young ones ([Table 2](#ijms-20-01054-t002){ref-type="table"}). Notably, inhibiting HGF with neutralizing antibodies significantly decreased the survival, neuronal differentiation, and synapse formation of the grafted NSCs, along with the functional recovery of the mice. In addition, the HGF-inhibiting, antibody-treated mice exhibited more severe spinal cord atrophy and demyelination than the control mice. This study was the first to report that HGF promotes the neuronal differentiation of grafted NSCs in the injured spinal cord, consistent with previous in vitro results \[[@B68-ijms-20-01054],[@B69-ijms-20-01054]\]. Taken together, HGF was identified as an important factor for the enhanced survival, differentiation, and synapse formation of grafted NSCs, which promoted functional recovery. Importantly, this finding implies that a combination therapy involving HGF administration during SCI's acute phase followed by NSC transplantation may be a promising therapeutic strategy for patients of any age, including older patients.

1.4. Summary of the Therapeutic Mechanisms of Hepatocyte Growth Factor in Rodents {#sec1dot4-ijms-20-01054}
---------------------------------------------------------------------------------

As shown in [Figure 1](#ijms-20-01054-f001){ref-type="fig"}, during the acute phase of SCI, HGF promotes the survival of neurons and oligodendrocytes by preventing apoptosis, and enhances angiogenic activity around the lesion site \[[@B31-ijms-20-01054]\]. Moreover, HGF reduces astrocyte activation to decrease CSPG deposition \[[@B63-ijms-20-01054]\] and reduces infiltrating leukocytes, thereby contributing to a reduction in glial scar formation \[[@B66-ijms-20-01054]\]. These multiple effects reduce the damaged area, preserve the rim of myelinated white matter, and provide a better scaffold for axonal regrowth. Furthermore, HGF directly enhances the regrowth of 5HT-positive fibers, which probably contributes to the promotion of motor functional recovery of the hind limbs during the chronic phase of SCI \[[@B31-ijms-20-01054]\]. In cell-based therapeutic interventions, HGF promotes the survival, neuronal differentiation, and synapse formation of the grafted neural stem cells in the damaged spinal cord, and these combined effects contribute to the better functional recovery \[[@B67-ijms-20-01054]\].

2. Steps Toward Starting a Clinical Trial {#sec2-ijms-20-01054}
=========================================

2.1. Translation from Gene Therapy to the Intrathecal Administration of Recombinant Human Hepatocyte Growth Factor, and from Rat Thoracic Spinal Cord Injury to Primate Cervical Spinal Cord Injury {#sec2dot1-ijms-20-01054}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To develop this HGF strategy into a clinical treatment for SCI patients, we performed a series of in vivo studies to confirm the efficacy of the intrathecal infusion of rhHGF, starting from the acute phase of SCI, which could be applied to human treatment.

### 2.1.1. Advantages of Using a Cervical SCI Model in Marmosets for Preclinical Trials {#sec2dot1dot1-ijms-20-01054}

First, we initiated the intrathecal administration of rhHGF immediately after contusive cervical SCI in adult marmosets, a non-human primate (common marmoset: *Callithrix Jacchus*). Although cervical SCI, which causes an impairment in upper-limb motor function (including finger dexterity), is more frequent than thoracic SCI in humans \[[@B3-ijms-20-01054]\], it is difficult to evaluate finger dexterity or hand function in rodents. Thus, to better predict the therapeutic effects for human cervical SCI, a preclinical trial using a cervical SCI model in non-human primates would enable us to evaluate the recovery of upper-limb motor function, including that of the hand. In marmosets, the corticospinal tract (CST) runs in the lateral column like in humans, but projects to the dorsal horn and the intermediate zone of the gray matter without a visible, direct cortico-motoneuronal (CM) connection like in rodents, indicating that the marmoset may represent an intermediate animal between rodents and macaque monkeys or humans, with respect to neuroanatomical evolution \[[@B70-ijms-20-01054],[@B72-ijms-20-01054]\]. Marmosets cannot perform dexterous finger actions, such as pinching something between the index finger and the thumb, like macaque monkeys can, but marmosets show more highly developed reach and grasp performance than rodents \[[@B70-ijms-20-01054]\]. In these experiments, the spinal motor neurons that innervate the muscles in the marmoset forelimbs were first retrogradely labeled by injecting cholera toxin B subunit (CTB) into the muscles. The motor neurons for wrist and finger extension were found to be located mainly in the cervical (C)4-C7 segments, and those for wrist flexion were located in the C6-T1 segments. Therefore, we induced a contusive SCI at C5. Nearly all of the wrist extensor and flexor motor neurons were caudal to the lesion epicenter, suggesting that this injury would be useful for evaluating hand functions. Next, to assess the hand performance after cervical SCI in these animals, we designed an open field rating scale \[[@B70-ijms-20-01054]\], in which the position and placement of the hands during walking were recorded. The positions were below the shoulder, between the shoulder and head, and above the head; and the placements were dorsal, ulnar but not pronated, pronated but not palmar, and palmar. The reach-and-grasp performance was also examined to assess shoulder flexion, forearm pronation, wrist extension, and finger flexion and extension.

### 2.1.2. Intrathecal Recombinant Human Hepatocyte Growth Factor Promotes Neurological Hand Function and Reduces the Damaged Area in a Non-Human Primate after Spinal Cord Injury {#sec2dot1dot2-ijms-20-01054}

In adult female marmosets, a laminectomy was performed at the C5 level. The dura mater was then exposed, and contusive SCI was elicited at the C5 level by dropping a 20-g weight from a 50-mm height onto the dura by a modified-New York University (NYU) impactor \[[@B73-ijms-20-01054],[@B74-ijms-20-01054],[@B75-ijms-20-01054]\]. Immediately afterwards, a laminectomy at the C7 level was performed, and from this level an intrathecal catheter was inserted. An osmotic mini pump infused a total of 400 µg of rhHGF or phosphate buffered saline (control group) for 4 weeks; the dosage was based on previous experiments, in which rhHGF was intrathecally administered into ALS model rats \[[@B29-ijms-20-01054]\], which weigh about the same as marmosets. KP-100IT, a pharmaceutical preparation containing rhHGF as the active ingredient and manufactured under cGMP compliant conditions, was provided by Kringle Pharma, Inc. (Osaka, Japan).

The results using our original open field scale showed that the rhHGF-treated and control groups had significant differences in neurological hand function. One day after the injury, all of the animals exhibited severe quadriplegia, which gradually improved, with a plateau beginning approximately 8 weeks after SCI. At 12 weeks after SCI, the score for the upper limbs (pre-injury score = 20) improved to 15.9 ± 0.8 in the rhHGF group and to 7.8 ± 1.8 in the control group. The scores for the two groups were significantly different at most of the time points on or after 14 days post-SCI. The animals in the rhHGF group also showed better grasping performance than the control group, and exhibited palmar hand placement when walking, with their wrist joints extended and forearms pronated, whereas animals in the control group dragged the dorsal surface of their hands on the floor when walking, with their wrists dropped \[[@B70-ijms-20-01054]\].

To examine the tissue-sparing effects of intrathecal rhHGF, we stained axial sections of injured spinal cords with Luxol fast blue (LFB) 12 weeks after SCI. In contrast to the control group, the rhHGF group exhibited a rim of spared myelinated white matter, even at the lesion epicenter, similar to our previous rat study \[[@B31-ijms-20-01054]\]. Moreover, stereological quantification of the calmodulin-dependent kinase II α(CaMK II α)-positive region in the lateral column, which represents the CST in the marmoset spinal cord \[[@B73-ijms-20-01054],[@B75-ijms-20-01054],[@B76-ijms-20-01054]\], showed significant differences between the rhHGF-treated and control groups at the segments that were caudal to the lesion site. These pathological findings suggest that intrathecal rhHGF can exert tissue-sparing effects on a cervical spinal cord with contusive injuries in non-human primates. To the best of our knowledge, this study provides the first evidence for the therapeutic efficacy of a neuroprotective drug for contusive SCI in a non-human primate \[[@B70-ijms-20-01054]\].

### 2.1.3. Therapeutic Efficacy of Intrathecally Administered Recombinant Human Hepatocyte Growth Factor in a Severe Cervical Spinal Cord Injury Marmoset Model {#sec2dot1dot3-ijms-20-01054}

As a final step before starting a clinical trial, we also confirmed the efficacy of intrathecal rhHGF in promoting upper limb motor function in a clinically relevant, more severe cervical SCI model in the common marmoset. Contusive SCI was induced at the C5 level, as described above. All eight marmosets included in this final test showed flaccid fingers, without any active flexion or extension; slight movement of the shoulder and elbow, which showed less than half the normal range of motion; and no ability of the upper limbs to support weight (0 points in the original open field rating scale) until 4 days after SCI. The initial step of the motor functional recovery of the upper limbs (the first point in the original open field rating scale) was characterized by the elevation of the marmoset's hands up to head height, with shoulder and elbow flexion. Three animals in the control group showed almost no recovery, even after 4 weeks, with all the key muscles of the upper limbs remaining useless (0.5 ± 0.3 points in the original open field rating scale). In contrast, the intrathecal infusion of 400 µg of rhHGF for 4 weeks starting right after SCI led to significantly improved functional recovery of the upper limbs (4.0 ± 1.8) compared to the control group. All five marmosets in the rhHGF group recovered to raise their hands up to their head height and gained more than 1 point, suggesting that at least one key muscle became useful. We believe that this model was ideal for a preclinical trial, because it is a contusive cervical SCI model in a non-human primate in which the control animals show no recovery; thus, the effect of the therapeutic intervention could be clearly assessed. This final test showed the promising result that intrathecal rhHGF, when started during the acute phase of SCI, could induce a clinically important improvement in upper-limb motor function, even in a severe cervical SCI primate model \[[@B71-ijms-20-01054]\].

2.2. Therapeutic Time Window and Minimal Effective Dose of Intrathecal Recombinant Human Hepatocyte Growth Factor {#sec2dot2-ijms-20-01054}
-----------------------------------------------------------------------------------------------------------------

### 2.2.1. Delayed Intrathecal Recombinant Human Hepatocyte Growth Factor startinga 4 Days after SCI Improved the Functional Recovery after Spinal Cord Injury in Rats {#sec2dot2dot1-ijms-20-01054}

To examine the dose and timing of delayed intrathecal rhHGF treatment, a contusive SCI was induced in adult rats at the tenth thoracic vertebrate level (T10), as in our previous study \[[@B31-ijms-20-01054]\]. Immediately after this injury, a laminectomy was performed at T12, and from this level an intrathecal catheter was inserted in the same operation, or 4 days, 2 weeks, or 8 weeks after the SCI. To determine the therapeutic time window for the intrathecal rhHGF, 200 µg of rhHGF was administered for 2 weeks starting immediately after the SCI; or 8, 40, or 200 µg of rhHGF was administered for 2 weeks starting 4 days after SCI; or 400 µg of rhHGF was administered for 4 weeks starting 2 or 8 weeks after SCI. These dosages were determined from previous experiments, in which rhHGF was intrathecally administered into ALS rats \[[@B29-ijms-20-01054]\]. The contusive SCI resulted in complete paralysis, and significant motor recovery of the hindlimbs was seen when 200 µg of intrathecal rhHGF was administered for 2 weeks starting immediately after the SCI, compared to the control group treated with dilution medium. In addition, 8, 40, or 200 µg of intrathecal rhHGF administered for 2 weeks, starting 4 days after the SCI, also promoted significant functional recovery. On the other hand, functional recovery was not promoted when 400 µg of intrathecal rhHGF was administered for 4 weeks, starting 2 or 8 weeks after SCI \[[@B71-ijms-20-01054]\]. Nishimura et al. used microarray analysis and mRNA deep sequencing to study the changes in gene expression over time after SCI in marmosets. They found that the inflammatory response in marmosets after the SCI lasted significantly longer than that in rodents; while the acute inflammatory phase resolves within one week after SCI in rodents, it may continue until 2 weeks after SCI in marmosets \[[@B77-ijms-20-01054]\]. These findings suggest that the therapeutic time window for treating acute SCI using neurotrophic factors might be longer for non-human primates than for rodents, and support the possibility that although the therapeutic time window for intrathecal rhHGF has not been examined in marmosets, a delayed administration of intrathecal rhHGF starting 4 days after SCI could also be effective in primates.

### 2.2.2. Minimal Effective Dose of Intrathecal rhHGF {#sec2dot2dot2-ijms-20-01054}

It was noteworthy that even low doses (8 µg and 40 µg) of intrathecal rhHGF starting 4 days after SCI and administered for 2 weeks (i.e., until the end of the acute inflammatory phase \[[@B77-ijms-20-01054]\]), also significantly promoted functional recovery \[[@B71-ijms-20-01054]\]. Quantitative analyses using enzyme-linked immunosorbent assays (ELISAs) showed that the amount of endogenous rat HGF in the injured spinal cord was upregulated by intrathecal rhHGF administration, reaching a concentration that was 2.4, 10.7, or 15.1 times that of the control group at 10 days after SCI, when 8, 40, or 200 µg of rhHGF, respectively, was administered for 2 weeks, starting 4 days after SCI (unpublished data). These results suggested that a moderate increase in the endogenous HGF, to 2 to 10 times the untreated level, can still exert therapeutic effects. This finding was consistent with our previous report showing that upregulating the HGF level by 3--4 times promotes the recovery of function in a rat SCI model \[[@B31-ijms-20-01054]\]. In addition to these results, we referred to pharmacokinetic studies of intrathecal rhHGF performed in cynomolgus monkeys (data not shown), as well as in a human phase I clinical trial of intrathecal rhHGF for ALS \[[@B30-ijms-20-01054]\] to finalize the dose of intrathecal rhHGF used in the clinical trial for SCI.

### 2.2.3. Advantages and Disadvantages of Intrathecal Administration {#sec2dot2dot3-ijms-20-01054}

Clinical trials for various drugs have recently been carried out for acute SCI, in which the drug administration methods used have depended on the therapeutic mechanisms and pharmacokinetics of the drugs: granulocyte colony-stimulating factor (G-CSF) was administered intravenously \[[@B78-ijms-20-01054],[@B79-ijms-20-01054],[@B80-ijms-20-01054]\], riluzole orally (identified as NCT00876889 and NCT01597518 in ClinicalTrials.gov) \[[@B81-ijms-20-01054],[@B82-ijms-20-01054]\], magnesium chloride in polyethylene glycol intravenously (identified as NCT01750684 in ClinicalTrials.gov), recombinant basic fibroblast growth factor (bFGF) intravenously (identified as NCT01502631 in ClinicalTrials.gov), Rho protein antagonist by an extradural fibrin-mediated delivery system (identified as NCT00500812 and NCT02053883 in ClinicalTrials.gov) \[[@B83-ijms-20-01054]\], ibuprofen orally (identified as NCT02096913 in ClinicalTrials.gov) \[[@B84-ijms-20-01054]\], minocycline intravenously (identified as NCT00559494 and NCT01813240 in ClinicalTrials.gov) \[[@B85-ijms-20-01054]\], and atorvastatin orally \[[@B86-ijms-20-01054]\]. Oral or intravenous administration is clearly easier and less invasive than intrathecal administration. However, in applying rhHGF to human SCI patients, we think that intrathecal administration would be the best route. Although HGF can actually pass through the blood-brain barrier (BBB) \[[@B87-ijms-20-01054]\], the BBB still limits the amount of rhHGF that can travel from the blood to spinal cord, and makes it difficult to control and maintain the concentration of intrathecal rhHGF when administered intravenously. Yamane et al. reported that it is important to maintain the concentration and location of HGF in the injured spinal cord \[[@B66-ijms-20-01054]\], and our previous pharmacokinetic studies in cynomolgus monkeys and in a human phase I clinical trial for ALS reveal that continual intrathecal injections can directly control and maintain the therapeutic dose of intrathecal rhHGF \[[@B30-ijms-20-01054]\]. Despite the invasiveness of intrathecal administration, these pharmacokinetic studies, as well as previous findings that appropriately administered intrathecal rhHGF can exert therapeutic effects in ALS and SCI model animals \[[@B29-ijms-20-01054],[@B70-ijms-20-01054],[@B71-ijms-20-01054]\], strongly argue for this protocol. Finally, another reason for using intrathecal administration is that HGF is known to promote the mobility of cells that are involved in invasion--metastasis and the resistance to anticancer drugs in cancer tissues \[[@B19-ijms-20-01054]\], and the intravenous administration of rhHGF can increase this risk.

3. Phase I/II Clinical Trial for Acute Cervical SCI in Japan {#sec3-ijms-20-01054}
============================================================

With these basic studies as a foundation, we conducted phase I/II clinical trials for acute cervical SCI from June 2014 to May 2018 at three major SCI centers in Japan (Hokkaido Spinal Cord Injury Center in Hokkaido, Spinal Injuries Center in Fukuoka, and Murayama Medical Center in Tokyo) (clinicaltrials.gov, registration number NCT02193334).

This trial was randomized, double-blinded, and placebo-controlled. We planned to enroll cervical SCI patients who showed modified Frankel A, B1, or B2 72 h after injury onset. Then rhHGF (KP-100IT) was intrathecally injected at the lumbar level and repeated weekly for a total of 5 times, with the first injection given within 6 h after the 72-h time point after injury onset. All patients were followed up until 24 weeks after the primary injection. At present, adverse events including the production of autoantibodies against rhHGF, and changes in the American Spinal Injury Association (ASIA) motor score from the baseline at the 72-h post-injury time point were evaluated as primary end points.

4. Conclusions {#sec4-ijms-20-01054}
==============

We revealed the changes in endogenous HGF in the rat injured spinal cord over time and the therapeutic efficacy of administering an HGF-expressing viral vector into an injured rat spinal cord. Then, from the original experimental strategy using the HSV-1 vector in rats, we developed a clinical strategy using rhHGF. We are analyzing the results of this trial at the time of writing this manuscript, November 2018, and believe that promising results will be disclosed in the near future.
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![Therapeutic mechanisms of hepatocyte growth factor (HGF). Preclinical studies using rodent spinal cord injury (SCI) models revealed multiple therapeutic effects of HGF on the injured spinal cord that reduce the damaged area and promote functional recovery.](ijms-20-01054-g001){#ijms-20-01054-f001}

ijms-20-01054-t001_Table 1

###### 

Differences in the hepatocyte growth factor (HGF) supply system after tissue injury between epithelial organs and the spinal cord. Compared to epithelial organs, including the liver, lung, and kidney, the injured spinal cord has a poor ability to upregulate endogenous HGF, nor does it receive HGF supplied from other organs.

  Epithelial Organs (Liver, Lung, or Kidney)   ![](ijms-20-01054-i001.jpg)                                           Spinal Cord
  -------------------------------------------- --------------------------------------------------------------------- -----------------------------------------------------------
  Marked increase within 24 h after injury     Endogenous upregulation of HGF in the injured organ                   Weak and delayed, with a peak around 4 weeks after injury
  Marked increase within 24 h after injury     Delivery of HGF from other intact organs via an endocrine mechanism   No delivery

ijms-20-01054-t002_Table 2

###### 

Therapeutic mechanisms of HGF on the injured spinal cord, determined using different therapeutic interventions in different types of SCI. SCI: spinal cord injury; HSV-1: herpes simplex virus-1; MSCs: mesenchymal stem cells; CSPG: chondroitin sulfate proteoglycans; CBD-HGF: engineered HGF fused with a collagen-binding domain; NSCs: neural stem cells; CST: corticospinal tract; rhHGF: recombinant human HGF.

  Reference                                                                                       SCI Model                                             Therapeutic Intervention                                                                                                                                                                                    Timing of the Intervention                                                                                                                                                                                                                 Therapeutic Effects
  ----------------------------------------------------------------------------------------------- ----------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Kitamura et al. (2007) \[[@B31-ijms-20-01054]\]                                                 Contusive thoracic SCI in adult rats                  HSV-1 vector injection into spinal cord                                                                                                                                                                     3 days prior to SCI                                                                                                                                                                                                                        Promoted the survival of neurons and oligodendrocytes, angiogenesis, and the axonal regrowth of 5-HT-positive fibers
  Jeong et al. (2012) \[[@B63-ijms-20-01054]\]                                                    Hemisectional cervical SCI in adult rats              Transplantation of HGF-overexpressing MSCs into hemisectional lesion                                                                                                                                        Immediately after SCI                                                                                                                                                                                                                      Diminished the TGF isoform levels, reduced astrocyte activation, and decreased the CSPG deposition around the lesion site to increase axonal growth beyond the glial scar.
  Yamane et al. (2018) \[[@B66-ijms-20-01054]\]                                                   Compressive thoracic SCI in adult mice                Single intrathecal injection of engineered CBD-HGF                                                                                                                                                          Immediately after SCI                                                                                                                                                                                                                      CBD-HGF remained in the spinal cord for 7 days and exerted an anti-inflammatory effect by disrupting NF-κB signaling, decreasing cytokine levels, and reducing the infiltration of leukocytes and glial scar formation.
  Takano et al. (2017) \[[@B67-ijms-20-01054]\]                                                   Contusive thoracic SCI in aged and young mice         Transplantation of NSCs                                                                                                                                                                                     9 days after SCI                                                                                                                                                                                                                           HGF was the most highly expressed neurotrophic factor in aged mice compared to young ones at the time of transplantation, and promoted the survival, neuronal differentiation, and synapse formation of grafted NSCs.
  Kitamura et al. (2011) \[[@B70-ijms-20-01054]\]                                                 Contusive cervical SCI in adult common marmosets      Intrathecal infusion of 400 µg of rhHGF for 4 weeks                                                                                                                                                         Starting immediately after SCI                                                                                                                                                                                                             Preserved myelinated white matter and the CST pathway and promoted hand function
  Kitamura et al. (2016) \[[@B71-ijms-20-01054]\]                                                 Contusive thoracic SCI in adult rats                  Intrathecal infusion of rhHGF (1) 200 µg for 2 weeks, starting immediately after SCI; (2) 8, 40, or 200 µg for 2 weeks starting 4 days after SCI; (3) 400 µg for 4 weeks, starting 2 or 8 weeks after SCI   Promoted functional recovery when intrathecal infusion was started immediately after or 4 days after SCI                                                                                                                                   
  More severe contusive cervical SCI than in \[[@B69-ijms-20-01054]\] in adult common marmosets   Intrathecal infusion of 400 µg of rhHGF for 4 weeks   Starting immediately after SCI                                                                                                                                                                              All marmosets showed no recovery in upper limb motor function until 4 days after SCI. At least one key muscle in upper limb became useful in rhHGF-treated animals, whereas all the key muscles remained useless in the control animals.   
